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1. INTRODUCTION

A better understanding of the electromagnetic properties of aqueous
electrolytes has important implications for oceanography and biology. The
purpose of this study is to consider the conductivity relaxation time of sea-
water. Potentially, this phenomenon influences the electrical properties of
seawater above 5GHz. Also, the dielectric resonant bands in the far-infrared
affect the electrical properties bevond 5 GHz, and their effects are considered
based on available information in the literature.

Although the study of aqueous electrolytic solutions has a long
history, much yet remains to be understood. Essentially, the electrical
properties of solutions of high concentration [>0.1 Molarity (M)] (i.e., sea-
water) are not completely understood and are typicelly represented by empir-

ical models. To improve the present understanding of seawater conductivity,
the determination of its relaxation time is important because it gives informa-
tion about the mobility of the charge carriers. :

To see how the properties of mobility influence the impedance of
electrolytes, consider the standard definition for conductivity (Reference 1)

\4
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7= Z% (leygln,quyy * ,e-iln—i“-i);iZ% (e qPyg * eyny) =0
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+, - +, -1 ie the :
charge of the ith +,- charge carrier, u_ - is the carrier mobility of the ith
+,- charge carrier, and N is the number of solutes. Since most electrolytes

SRl

where n is the number density of the ith +,- charge carrier, e
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The conductivity for a single 1:1 solute simplifies to

o= p(p+ + ). (2)

A simple expression for the carrier mobility can be obtained from
the following equations (Reference 2)

and
mgé%2+mg'<v)=e!£. (3)

where {v) is the mean velocity of the charge carrier, m is the mass, g is the
damping constant, e is the charge of the charge carrier, and E is the applied
electric field. Let {v) and E be time harmonic as ¢ “!, The solution of
Equation (3) results in the following

Lo : | (4)

y,=-——-—

+ ]

: = &
o i Po T g
g

Substituting this result into Equation (2), the conductivity becomes

p o
o= p °r _+ 0 . (5)

It is assumed that the damping forces will be similar for both the positive and
negative charge carriers. Therefore,
g€, = 8_ =8¢
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The "g" parameter is the reciprocal of the conductivity relaxation time. This ;
interpretation is easily seen from Equation (3). When the applied E-field is
‘s turned off, the charge carriers relax back to equilibrium and the mean velo-
city becomes L
dv) ={v(t=0)> e '8
' The conductivity relaxation time, 1/g, is designated " rc." Thus, ;
b
r.
1 0
o= Plp,, t B, ) —————
o+ o 1+ 4 2 »
€ R
o I+ 77, . ]
K
-
L
where r c is the conductivity relaxation time related to mobility, The factor .
: a, represents the conductivity according to the Debye-Falkenhagen theory :?:
’ (Reference 3) and the remaining factor represents the correction for inertia. &
&
The impedance can now be determined for a parallel plate probe as ”'
<
R
- ! - 1 - ’ i @), 1 ‘:‘
225 Ve =xs Lr1ig) i o :
R T
=Ro+j(wL--l—);L=—1—=—-2- '
w C Acg g "
L
-
<
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where £ is the length of the sample and A is the cross-sectional area of the
plate. P.o is the DC resistance, L is the effective inductance, and C is the
capacitance of the solutior between the plates.
instantaneously with the applied field, the current will lag the vcltage.

conductivity relaxation time, To? is determined by cemputing L/ Ro.

Since the ions cannot move
The

Impedarce measurements of this tvpe should be used instead of
microwave cavity measurements, which are influenced by both the conductive
and dielectric properties of the measured medium. By keeping the frequency
of the applied field low enough (< 1 GHz) eso that the real part of the di-
the imaginary part is very small and the con-
dielectric) character is

The main problem

electric constant is constant,
ductivity high enough so that the capacitive (i.e.,
be made.

shorted out; then measurement can readily

remaining is minimizing the stray capacitance and residual inductance.

describes the impedance experiment designed to measure
Section

Section 2
the concuctivity relaxation time of seawater and related electrolytes.
3 reviews the present model used for describing the electrica! pronerties of
seawater and discusses the effect of conductivity relaxation and other mecha-

nisms on this model.

2, ELECTRICAI, IMPEDANCE MEASUREMENTS

The major thrust of this project is to measure the electrical imped-
A special conductivity cell was de-
The following describes the experi-

ance of seawater-related electrolytes.
signed and constructed for this purnsse.
mental apparatus used and presents the results of the experiment.
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2.1 Experimental Apparatus

Figure 1 illustrates the experimental apparatus. The impedance
measurements were made with a Hewlett-Packard (HP) multifrequency LCR
meter model number 4275A, which operates at ten different frequencies be-
tween 10 kHz and 10 MHz. The LCR meter was computer controlled by an HP
9845A computer. A conductivity test cell was connected to the LCR meter in
such a way that the shields of the 4-terminal network were connected to the
shield enclosing the test cell. As shown in Figure 1, the current passing
through the cell also was carried by the shield thus canceling the magnetic
field generated by the central conductor. This reduced the residual induc-

tance of the network,

Figure 2 shows the unique design of the modified Jones cell that
was used as the test cell. The cell can be filled and drained without discon-
necting it from the LCR meter. Also, the cell can be temperature controlled
by an external bath. The c~!1 constant is 17.2 (10.15)cm-1. The tempera-
ture of the cell is monitored by placing a prcbe inside a well in contact with

the circulating bath.

The accuracy of the impedance measurements depends on the LCR
meter and background effects of the test cell. The LCR meter does open-
and short-circuit measurements of the test network and measures the stray
capucitance and residual inductance. The values are stored and then sub-
tracted from the actual measurements. The open-circuit measurement is done
with the cell empty. The short-circuit messurement is done with the cell
filled with mercury. In this way, most of the stray capacitance and residuel
inductance are accounted for. Without this capability these measurements
would not be possible, The LCR meter reduces the stray capacitance and the
rasidual inductance to some nominal level. These levels are measured before
every experiment. Figure 3 shows the accuracy of the magnitude and phase
of the impedance.

..........
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Impadance accuracy Ao
Phase angle accuracy e
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The test cell changes between the open and short circuit measure- mi‘
h, ments and the actual measurement of electrolytic solutions. This is because
"‘} of the double-layer effect at each electrode and the difference in self- T
i inductance between a good conductor (mercury) and a fair conductor (the e
b electrolytic solutions). These effects cannot be nulled out by the LCR meter !*",
:. since they are not present during the open and short circuit tests. The "‘
E:‘ double layer effect is caused by the electronic-to-ionic conductor interface. :L_\
3 The result is the formation of a leaky capacitor at each electrode, as shown e
l, in Figure 4. Also, the self-inductance of the test cell is much larger for the e
A electrolytic solutions than for mercury. Calculations for an infinitely long
. conductor indicate the difference to be around 5 nH. However, end effects :-{;',.:t
; will certainly increase this number. »»-\
3 =
. 2.2 Results ‘.f_:\;?_:
I
;_ Measurements on carbon composition resistors were made to test the :_;_
' system background. Since the resistors are electronic conductors, the effects fep
: of conductivity relaxation will occur at frequencies much higher than ionic :* ',1
conductors. Two resistors were used, one with a resistance of 228Q and the %-‘(
: other with a resistance of 7570Q. This range of values of resistance is close :_:‘
I to those of the electrolytic solutions studied. Tables 1 and 2 list the results o
N of the carbon composition resistors. The format is typical of all experimental x:_’
results. Background measurements are made after the open- and short- :
L circuit calibration measurements [a zero offset adjustment (ZOA)], separately. :
; Thus, the stray capacitance and residual inductance of the network are :_:J
B recorded. The stray or parasitic background capacitance is measured at f'_.’:;;\:
40 kHz and the residual or parasitic background inductance is measured at l_:ﬁ::igf
10 MHz. The measured background capacitance and inductance as listed are
typically the meter's limit of sensitivity. The device to be measured is then ﬂMg
' connected to the test network and approximate values for the inductance and -"—‘
g capacitance are M‘L
': 3
;
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Table 1
2280 CARBON COMPOSITION RESISTOR RESULTS

HIo¥rod 12030 CRARBON COMP FUSISTOR

LEY TETTIHGS RRE ALESCITOFZOMIIONZR:Z1 20T

P R R R D L R T N T T L e R I T L T ¥ T orurarerararararapy e
FrREIENDY FARARSITIC BS GRQUND CAPACITANCE AND CONDUCTRHCE

S -2.140000600Q0E-18 ] ols T Rsdal ey Tal = b §ed
’¢+++++»++++++++++++++vv+++++++++++++++++++++++++++4+++++++¢++++++#
FREDIEHCY FRARAIITIC DPACKGROUND IHDUCTRMNCE

1&n 3.0ZEI0000NORE~1D

FESTZTOR

L R eI I TR RS R T R Ry R L R N L LR X XL LT L R R S prig gy
AFPROVIMATE THDUCTARHCE

-, D000 11058

CELL CHRFACITARNHCE
2,303 300A3QE~-1 4
P LI R R e L e L L R L Y L L L]
MESMSURED IMPEDRHCE CORRECTED IMPEDANCE
FrReEQUENHDY VYOLTAGE CURRENT MAGHITUDE FHREE MAGMITUDE FPHRASE
1, 9E+H4 2.40E-01 1. 90E~03 2.2328E+02 +0,00 2. 2872E-82  +0.93
2,68 -04 S0E-81 1.02E-82 2,2820E+02 +0,01 2.282LE+82  +93.01
4, CE+34 ;.auE 61 1.0RE-33 C,222%E+82 +06.08 2.282%E+02  +,00
1, 2E+05 2.32E-51 1,.00E-G3 2.¢339E+92 -0, B30 2.283BE+02 -0, 00
Z.OE+QT 2.30E-31 1,00E-D3 2.282%E+02 +9.09 2.2B22E+Q2  +3.90
4, 0E+2% 2.20E-91 1,.BBE-03 Z.232%E+92 +9.01 2. 252SE+Q2  +0.01
{RE+QE 2.30E-01 1,00E-P3 2.2ZSZ25E+R2 -0.01 2. Z825E+02 -0.01
2. 0R F3R 2.36E-91 1.00E-B32 2.2328'-‘*6'2 +0,02 2.2829E+B2  +0.4Q3
'=+ﬁr 2.2CE-01 |,00E-82 Z,ZE1ZE+32 +0.Q3 2.25122+02 +9,03
+i5 2.10E-21 9.6QE~-84 Z.308SE+QZ -9.1¢ 2.304CE+02 -a.1E

)

J&

-
c..
ma

CHANGED YOILTAGE 16:38

L R L R T L R Y s R AR R
AFFRIGHIMATE THDUCTANCE

- DIOEINISTIS

CELL CAPRCITANCE
1. 40009303 300E-13
R R L e e A T T T T T B b B R A P A QY
MEATZURED IMFELFHCE COFFECTED IXFEDSICE
FRERIThay “ULTHGE CUREFENT MAGHITUDE FHASE mH~|IT“*= FHEZE

1,906=04 52 1.90E-94 2. 2Z19E+0Z  +0.01 +0, 21
2L.CE 04 CE-B2 1,00E-04  Z,2EZIE+0Z +0,.01 YN <X]
4,08+04 2.308-38 1, 00E-5" 223 +8.91 +23.01
1. 0E+0% 2.30E-32 1., 00E-0x +a.aa 3. 00
2.9E+% 2.30E-32 1.08E-03 .91 +0, 01
4.5 2.30E-32 1.00E-04 +9.ﬂ2 +3,02
1. Z.I0E-232 1., 0RE-04 =, 260 3,00
<. SVIVE-92 1, 00E-O4 +3, 601 3,07
3. 2.20E-92 A, 00E-CS +3, 00 +0, 0%
1. 2.090E-32 3, 08E~0% -3, 2E -9.1%

-11 -

o e R T T N e R R RIS AL T e R s L e
R O G U N G Y A A A AR A

e TR TN T WL W N Ve e T e PO

et B .

o TV A R A o W s B # .

L IR B e A N o T e Liar o i o 1o R

i [

L e eI

R

7 -

P s

AT

-

RS

O
LN,



=T e - it el et BT s e e e T e TR T AR A et e, BTN B R T s AT T N e Dk ey e g L

AN A Bl ot
'
\
|

e

AL '

G2+ CO+IGEGEL T1°8- 20+436E0F° @1 300°0 8-300° 1 Jeednc |
1370+ £8+432%15°¢2 AI'S~ £A+438KAS"2 043N D 18-J01 1 AN )
ST 0+ £943I55F5 L 99°1-- £O+43IGSELS2 AR+IAVA'E (6-3I01°1T AL R U
21°8+ £0+432295°2 $¥8°9- £243513G! PR+ A 16-3I91 ° agenc g
819+ £P+3G293°2 BE Q- £0+3K235°2 00+INA°H 18-101 1 GRE N
99°D+  CR+IVNNGL $1°0- £0+431925°2 on+3g0°e 10-361°1 RAK R [ I
1€°90- £8+3672G6°¢2 T1°8- 20+36226°2 a@3+309°8 [v-JAT°§ [REE IS T ¢
$0°D+ €A+3IFILS "2 PB°'A- E£Q+3PI2C5°7 GO4360°@ 19-3AA1°1 toe3nct
S99+ £O+202S8°2 £0°0+  SOH+P2ALSC2 OD+300°0 10-3D1°1 IEIE [
P00+ £0+3/2835° 2 B8+ £24+3289S°2 ODA+3IANO TR-3D1 T ta4 401
ISHHI IINLTHIYH 3I3UHd INt THOIK LIH3FAND 3I9HLTI0N AaHANN G )
IINMHBAILHT GIL1DIAN0T  IDHHEILWT dIANSHIM
i A2 X R S22 L R S R R TR T R R R R R R R A R R N N Y N Y EERE T S
ET-A000ABG 0 AF 2 S
AL EIYAUD 1D

Il A A O

LAl mnny -

FIHLLINAHT FIHUFEOAA
LA AR A SRR SRR AR R R R N RS R TR

HOLSISIN JHOD HOTHHD +A:21 tsoone 20

The Johms Mapiine Univasaiey
AFPLIBD PHVEICS LABORATORY
Laurel, Murviond

-12-~-

PR Al MR LR R B " LM Al s i Sl A i Nl Nt

£0-309130003SIA 1 - a1

FOHHALIMIHT GHNOADADIHT 2T LISHNU BRI IGRE R

(A2 R AR R R R R e Y IR R R E R A R L T F S O A A O A I A A S A N ST AT Ay S
FS103G00M0R ° 21-3000923GANH "3 - A0y

FIHHLIMIKOY dHY JFIHYLIIHAHD QHNOADHAINT I LISHANS Adtrminlidld

\AS AR AL AR AR R R XL RS R R SR SRS R LR L LR PN RN E T S R B N A N SRt R N A SR RN A Y
TABSIEASHOTI IHOZ 490 203 1d AN ST AT A

015133 ANND HOIAMD 9330} bocu 0l

TR

SLINSAY VOLSISHY NOILISOdWOD NOgUVD U0LSL
¢ 2148],

Te WA BT HT AT R TET R TS Ve LS

STD-R-1071

ML




S ‘h'-"\l"l- \

T T N TR TR T T I e B2 Lia na- Mt oMl el ol i el L ot alkil adlh —alnd At aiiaduil il o bl il
“wv-'—vw-—-—‘-—'v-—w'v'-'r-‘x“nww“m'"’tmr—.——-—v—w'v"' T T N TR e T I T R T TP TR TR T g ™ aad e " o |

STD-R-1071

The Jehne Hepking University
APPLIED PHYSICS LABORATORY
Lavrel, Meryiond

obtained. Then the computer directs the LCR meter to take impedance mea-
surements at the ten available frequencies between 10 kHz and 10 MHz. In
addition to the frequency and the magnitude and phase of the impedance, the
computer lists the approximate applied voltage and current, and a corrected
magnitude and phase impedance. The measured cell capacitance is removed
from the measured impedance to give the corrected impedance. The cell
capacitance in the case of the carbon composition resisters is the capacitance
between the two metal contacts at opposite ends of the resistor. In the case
of the modified Jones cell, it is typically the capacitance between the two
spherical ends of the capillary tube. For the carbon composition resistors,
the cell capacitance is very small (0.4 to 0.1 pF or less). The impedance of
the carbon composition resistors is largely resistive with a small capacitive
influence at the higher frequencies. Notice that the listed approximate induc-
tance is negative. This means the impedance was actually capacitive and not
inductive. Thus the LCR meter could not properly interpret the result.

Tables 3, 4, and 5 list the main results of the experiment. For
sodium chloride and seawater solutions {concentrations are listed in parts per
thousand of solute over solution by weight), the impedance is purely resistive
within the accuracy of the LCR meter. The inductive effect at the higher
frequencies is less than 0.1 percent. In Table 3, the cell capacitance domi-
nates at all frequencies and only the corrected impedance shows an inductive
character because of the high resistance. This result is different from
previous less-precise cbservations that showed a 1- to 2-percent inductive
effect at the high frequency end (Reference 4). It is interesting to note that
the electrodes in the present experiment have approximately the same surface
area and separation as the electrodes in the previous experiment. Because of
the capillary tube in the modified Jones cell, however, the cell constant is
approximately an order of magnitude larger. If the observed inductance in
the previous experiments was caused by some electrode process, it would

explain the order of magnitude smaller inductive effect in the present
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NaCl SOLUTION IMPEDANCE
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experiment. That is, the electrode process remained unchanged while the cell '{
impedance was increased by an order of magnitude. Further, the relative 3:
changes in the impedance are essentially the same in the previous and present %
experiments. &
Another set of measurements attempted to observe the Debye- ::
Falkenhagen effect (Reference 3) that is observable within the frequency -
band of the LCR meter but at very low concentrations (around 1000 times less =
than seawater concentrations). Tables 6 and 7 show the results for 0.01- “"
Molarity (M) solutions. The Debye-Falkenhagen effect is much stronger for 5
MgSO, than for KC1; thus, a comparison can be made between the two tables. ,
Within the accuracy of the measurements, no differences are observed and the =
corrected impedance is purely resistive. The concentration is too high to Q:
observe this effect. o
Finally, much of the initial motivation to carry out these :j:
experiments was to measure the conductivity relaxation time. This number is 5
- R

at least 10 13 sec, which is based on the initial assumptions of Debye and oy
Falkenhagen (Reference 3). Based on the experimental results of Table 5, :::
the maximum seawater conductivity relaxation time, Tor is 5 x 10"10 sec. :;_a
Therefore, :ﬂ
1 x 10713 ¢ <5 x 107 05ec  or Lu

i

8 1 12 -

c = mem——— -

3.2 x 10° ¢ fc ( T ) 1.6 x 10" “Hz o

%X

3. PRESENT UNDERSTANDING OF THE ELECTRICAL PROPERTIES OF Tj:f
- - (=)

SEAWATER —_—

The problem of understanding the electrical properties of secawater 2:j;

is a very complex one. This is because the detailed physics of electrolytic fjf‘_
solutions is not completely understood and seawater is a heterogeneous solu- :
- 17 - .:'\
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tion of many electrolytes. The importance of the electrical properties (i.e.,
dielectric and conductive) at radar frequencies has required some form of
tabulation as a function of temperature, salinity, and frequency. This is
currently done in a semi-empirical way using the formulas of Debye, and Cole
and Ccle (References 5 and 6) fitted to experimental data (Reference 7).
The result is & reasonable representation of the true dielectric and conductive
values of seawater as a function of temperature and salinity below 5 GHz.
However, precision microwave radiometry requires equal precision of the
known electrical properties of seawater. To improve the present semi-
empirical formulas requires a greater understanding of the theory, including
observed anomalous electrical properties. A brief review of the present
understanding of the electrical properties of seawater and seawater-related
electrolyvies is presented in the following section.

3.1 Microwave Electrical Properties

Microwave data of the complex relative permittivity for electrolytic
solutions is typically fitted to an equation of the form (Reference 7)

g (TH5) - 2 T,8)
e (w,T,8) = ¢ + 8 - -y 2LL.8)  (y
® 1. [jm‘rD(T,S)]I «(T,8) we,

where
T = temperature
S = salinity
e, = the relative dielectric constant at w))l/rD
= the static relative dielectric constant
= permittivity of free space [Farads/m])
w = 2xf, f = frequency in hertz
o = conductivity [S/m]
rn = Debye relaxation time
e« = empirical spresding parameter of relaxation times
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The conductivity relaxation process is not represented by Equation (8) and
neither are higher frequency resonances which impact ¢, . However, since
this model only claims agreement below 5 GHz, the details of the Debye and
conductivity relaxations are not required. For example, for a = 0 Equation
(8) can be expanded to the form

e *+ (es - ge) (1 - (j-rD) - (wTD)z"-) - -;i—o (9)

c(w ITDS)

g - (e =) (orp)? = JlCey = ) (wrp) + =

Because “Th & 1 below 5 GHz, this expansion will work very well. The
expansion of any proper function would produce the same first-order struc-
ture. Thus, curve fitting data to Equation (8) at frequencies below § GHz
will not definitively determine the true structure of the dielectric properties
beyond 5 GHz. This fact is recognized by Klein and Swift (Reference 7).

In principle, ¢,, and ¢ are functions of temperature, salinity, and
frequency, and s and p &re functions of temperature and salinitv. A more
general form of Equation (9) is given by

’S(T.s> - ‘m("oTvs)
e(w,T,8) = g (0, T,8) + - (10)
" 1+ (arp(T,)1 1= 58

(T.8) ‘

1 DC
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o

where E:;

°pc = DC conductivity :

e = conductivity relaxation time E}

The Debye relaxation process accounts fqr the damped rotation of the water o

molecule in the liquid state. The conductivity relaxation process accounts for ;3

the damped translational motion of the ionic charge carrier. Debye in 1913 :'.;;‘

(Reference 8) approximately determined the Debye relaxation time, D by .‘-‘j

considering Stoke's law converted for a rotating sphere and Brownian motion. k‘

The following formula was obtained.

5 i

w=

= %%3_ (11) -

where ‘\

= viscosity of water g

a = radius of water molecule -

(o33

k = Boltzmann's constant g

Surprisingly, this formula predicts reasonably well the observed relaxation e-

time of water, which is on the order of 1 x 10_11 sec. Intuitively, the ""

relaxation time of the translational motion of the ionic charge carriers in water E

should be similar to the rotational relaxation of the water molecule. Following ;"

a similar approach as Debye, the conductivity relaxation time can be approxi- ;I::

mately found by examining the charge density in light of Stoke's law and -=—

Brownian motion. The result is m

S Lo dmbx, (12) (3
e c - kT [
] L
e =
e

%
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ey

o - 22 - o




MO Bk fud pat Moo aat e s nbe au atel aren gt ANt SR Sl i A ial il il ﬁ“*wﬂwwwwmwwwvvfwmwvwmf

| STD-R-1071 )

The Johne Hopking University }“. At

APPLIED PHYSICS LABORATORY 3
Lourel, Maryiand

where

b = radius cf charge carrier }'f:.jf

x, = 1/e point of Maxwell-Boltzmann distribution ,-:;“.:

of charge density a

s

Ko i
L] ‘Q-
"y Y
3 Since el
3 s
b~ a p
g

h *o. 2 a "’j.:
. then e
2 e 27D i
b__'?. F:E_
3 This result crudely verifies our intuition. It is interesting to note that the i-—-c:
l; Debye-Falkenhagen computation of the conductivity relaxation time is based on “
:‘;‘ the velocity or mobility part of the conductivity and dces not include the HL
; random motion of the ion. ‘_3:
B b
The real and imaginery parts of the general complex permittivity '&

[Equation (10)] are for « = 0, thus }\:-

N

et

é.-a.'-l-
e = ¢ - je” (13) P
,y_'.\}_
G it
§ o
|~, T ‘Vh

‘ e, ~— ¢ o Cle

2 e’= ¢ w ¥ S ® - DC o (14) :":ﬂ
\ 1 + (arp) 1+ (o)
. S+
o “.»;:.
B S
! : -
B . s mfwletpy opg  Clrge (15) 4
Iy = 2 - 2 S
i 1 + (orp) 1+ (urg) e
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Figures 5a and 5b are plots of ¢/ and ¢’/, respectively, for different values

of r . The cases for T = Tp OF 0 are the same curves. Interestingly, with j

T = "p the conductivity effects cannot be differentiated from the case of
= 0. However, for rc/rD = 0.5 and 2 there are observable differences. If i
e~ "D (it is unlikely that they are exactly equal) then the conductivity 1

relaxation effect is an important term ir the complex permittivity formula.
The efforts to model the permittivity beyond 5 GHz would then be helped by E
including this effect. '

Figures 6a and 6b illustrate the dielectric properties of pure water.
Figure 6a also shows typical skin depth attenuation of seawater (References 9
and 10)., The pure water spectra show a fair amount of structure. The
hump at 20 GHz is the Debye relaxation phenomenon. The two peaks between
1012 and 3 x 1013 Hz are called the hindered translation, Voo and librational
band, Vi respectively. They are caused by HZO and HZO (i.e., dimmer-
like) interactions (Reference 11). Most of the higher frequency peaks are
caused by the internal motion of the water molecule (i.e., rotation vibration
(Reference 11). Beyond the Debye relaxation, the complex permittivity is
represented by e, . It is dominated by these infrared resonances. This
can be seen by examining the real part of ¢,(= ¢p- jeo )i

P e

A W P e P

4.9 D ¢ > 1.69 D1
Microwave Optical

¢, i8 determined by resonances and relaxations beyond the frequency of
interest. Based on the above relationship, the microwave region is heavily
influerced by the infrared resonances.
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a= 0
€= 4.9
Opc ™ 4.8 §/m
= 9.1 x lO“lzsec
o T = 20°C
) S = 35 %
‘N £ (Hz)
$:'_-:.:
N Figure 5(a) Real Part of the Permittivity Versus Frequency
.‘\
B
o

¥

o

L N
'}

1, 4y
A
a

a= 0

€= 4.9

1%
WAt
™Yy

I

aDC = 4.8 S/m

-
L]

9.1 x 107 1%gec
20%c
35 %,

L ]
]

[}
L}

o N v 2 o aaal t [ e |
f (Hz)

Figure 5(b) Imaginary Part of the Permittivity Versus Frequency
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Figure 6(a) The Index of Refraction (top) and Absorption
Coefficient (bottom) for Liquid Water as a
Function of Linear Frequency
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The presence of a solute does influence ¢,,. This is demonstrated
by Figure 7, which shows experimental data of the "L, and v band of pure
Dzo and D20 KC1 and NaCl solutions at 4 Molarity (M). The solutions are
highly concentrated compared to seawater but do show significant changes in
the spectrum. This will directly impact ¢, at microwave frequencies and make
it a function of salinity. It is also well know (Reference 11) thet these bands
are sensitive to temperature. Thus ¢, is indeed a function of frequency,

salinity, and temperature.

The relaxation time spreading parameter, « , is not zero and is
thought to be a function of temperature and salinity (References 12 and 13).
This is illustrated in Figure 8 for Hzo solutions of NaCl, The precise nature
of « will not be understocod until the conductivity relaxation effects are un-
derstood. The relaxation time spreading parameter influences the falloff of
the Debye relaxation. As illustrated by Figures 5a and 5b, the conductivity
relaxation process also influences the falloff of the curves. Thus, these two
different yet similar effects may be difficult to separate.

3.2 Anomalous Electrical Properties

In addition to well-understood physical mechanisms that impact
seawater electrical properties, there are reported observations of anomalcus
behavior of solutions of single electrolytics which compose seawater. These
are listed below (Reference 13).

(1) Anomalously high conductivity of electrolytic solutions at
concentrations close to seawater at 582 MHz (Reference 14).

(2) Additional relaxation phenomena at submillimeter wavelengths.
The dielectric constant is modelled as
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600 400 200
v(cm—l)

4-Molarity Solutions

Figure 7 Experimental Data of the vy and vo Band of Pure
D

20 and D20 KCl and NaCl Solutions at 4-Molarity
Concentration
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Relaxation Time Spreading Parameter, a , as a Function
of Temperature (constant concentration ¢ = 1 Molarity)
and Concentration (constant temperature T = 25°C) for
a Wacer-NaCl Solution
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2 e — ¢
2 e, = s n
e=n + -
T Ty, 1+ (jen)t

where Ty is the additional relaxation time.

4, CONCLUSIONS

The electrical pro— :rties of seawater have been examined with
particular emphasis on the e.fects of relaxation of the charge carriers with
the frequencv of the applied field. Such effects have not been definitively
quantified either experimentally or theoretically. Experiments conducted were
not conclusive. It is possible that the conductivity relaxation time (the
characteristic time its takes a translating charge carrier to relax back to
equilibrium) is similar to the Debye relaxation time (the characteristic time it
takes a rotating molecule to relax back to equilibrium irn a fluid or solid),
making direct observation of this effect difficult. The conductivity relaxation

-10, T >1x 10713 gec. It is

time has been constrained to be within 5 x 10
quite possible that Te ™ TD since the dampening mechanisms should be similar.
If this is true, the dielectric models will need to include the effects of
cenductivity relaxation. Also, it is recognized that resonant far-infrared
(including submillimeter) bands can influence the dielectric properties at and

shove 40 GHz.

A more definitive impedance experiment attempting tc measure the
conductivity relaxation time will require the following:

A test cell with a much larger cell constant
Impedance measurements at frequencies close to 1 GHz

A high degree of precision or a mears of nulling the DC
resistance of the electrolytic solution

Also, the development of a reasonable theory may aid in the selection of a
more optimal temperature and salinity of the samples.
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